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Ultraviolet B (UVB) (290-320 nm) is capable of dam-
aging the DNA lDolecule directly by generating pre-
dominantly pyrimidine dimers. UV A (320-400 nm) 
does not alter the DNA molecule directly. However, 
when it is absorbed by cellular photosensitizers, it 
can damage the DNA molecule indirectly, e.g., by 
mediation of singlet oxygen, generating predomi-
nantly 8-hydroxyguanine. These indirect effects have 
been implicated in the mutagenic, genotoxic, and 
carcinogenic effects ofUV A. To study the processing 
of directly and indirectly UV -induced DNA damage 
in intact, DNA-repair-proficient and -deficient hu-
man cells, we used the replicating plaslDid pRSV cat, 
either irradiated with up to 10 kJ/m2 UVB or treated 
with the photosensitizer methylene blue plus visible 
light (which generates singlet oxygen). These treated 
plasmids were ~troduced into lymphoblast lines 
Exposure of the skin to ultraviolet radiation (UVR) is the most important skin-cancer risk factor [1] . Mutations caused by UV-induced DNA dam age are primarily point mutations and are believed to occur during replication of a UV-damaged DNA strand [2]. Muta-
tions can represent the initiaJ genetic changes in skin carcinogenesis 
if they activate oncogenes or inactivate tumor suppressor genes [3]. 
In the autosomal recessive disorder xeroderma pigmentosum 
(XP), an increased can cer risk in UV -exposed skin is due to a defect 
in the repair of UV-induced DNA damage with subsequent UV 
hypersensitivity and hypermutabiLity [4] . A heterogeneity among 
XP patients has been shown by the identification of eight comple-
mentation groups. In seven complementation groups (XP-A to -G), 
nucleotide excision repair is deficient, with a reduced rate of DNA 
incision after UV exposure [5]. 
Some of the XP genes have been identified, and knowledge 
about their roles in the DNA-repair system has been increasing 
recently [6]. The XP-A gene codes for a DNA-binding protein [7] . 
It has been suggested to be involved in DNA damage recognition, 
as it binds preferentially to UV-induced lesions [8]. The XP-E gene 
also has been suggested to be involved in DNA damage recogni-
tion, with a selective binding to pyrimidinc-(6-4)-pyrimidone 
photoproducts [9]. The human BTF2 basic transcription factor was 
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from normal donors or from patients with xeroderma 
pigmentosum (XP) complementation groups A, C, D, 
E, and variant. DNA repair was assessed by measuring 
activity of reactivated chloramphenicol-acetyl-trans-
ferase enzyme, encoded by the plasmid's cat gene, in 
cell extracts after 3 d. As expected, the repair of 
UVB-induced DNA damage was reduced in all XP 
cell lines, and the degree varied with the complemen-
tation group. XP-A, -D, -E, and -variant cells were 
normally efficient in the repair of singlet oxygen-
induced DNA damage. Only three of four XP-C cell 
lines showed a markedly reduced repair of these 
lesions. This indicates differential DNA-repair path-
ways for directly and indirectly UV -induced DNA 
damage in human cells and suggests that both may be 
affected in XP-C. Key words: DNA repair/oxidative dam-
age to DNA/plasmid. J Invest Del'lllatol 104:68-73, 1995 
shown to contain an adenosine-5'-triphosphate-dependent DNA 
heHcase activity with the same amino acid sequence as the XP-B 
(ERCC-3) gene product, suggesting a dual role of that gene in 
transcription and repair [10] . The XP-D (ERCC-2) gene product 
also contains a helicase motif and might be acting together with the 
XP-B gene product. The close connection between nucleotide 
excision-repair and transcription processes is underlined by the fact 
that active genes and transcribed DNA strands are repaired faster 
than nonactive genes or nontranscribed DNA strands. In XP-C, the 
preferential repair of actively transcribed genes is relatively unim-
paired, whereas inactive genes are repaired very slowly [11,12]. 
XP exemplifies the pivotal ro le of DNA repair in the prevention 
of UV-induced skin cancer. However, UV exposure is the single 
most important risk factor for skin cancer, including in individuals 
with normal DNA-repair capacities. TIllS f.,ct indi cates that the 
repair of DNA damage is often incomplete in normal cells after UV 
exposure. Furthermore, differences in individual DNA repair have 
been shown to affect individual skin-cancer risk [13,14]. 
Both UVB (290-320 nm) and UV A (320-400 nm) have been 
shown to induce non-melanoma skin cancer in anima1models [15]. 
Difrerent wavelengths of UVR cause different kinds of damage on 
the DNA molecule and, consequently, d ifferent kinds of mutations. 
Although the absorption maximum of the DNA molecul e is at 260 
nm, UVB (290-320 nm) is still capable of exiting the DNA 
molecule directly and subsequently damagiJlg it direc tly. H ere, the 
most important DNA photoproducts are the cyclobutane pyrimi-
dine dim ers and the pyrimidinc-(6-4 )-pyrimidone photoproducts 
(16). In skin tumors, mutations in oncogenes or tumor suppressor 
genes were found in loci w ith two ,ldjacent pyrimidines, candidate 
sites for the formation of such lesions [17] . Because of absorption of 
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shorter wavelengths in the stratum corneum of an intact epidermis, 
300 nm has proved the most effective wavelength to induce the 
formation of pyrimidine dimers in the biologically important basal 
layer of the epidermis [18] . 
If the UVR is first absorbed by a cellular molecule other than 
DNA, the DNA can be damaged indirectly after energy or electron 
transfer. Such a photosensitized reaction can be mediated by 
endogenous (e.g., porphyrines, Ravines) o r exogenous (e.g., psor-
alenes, tetracycline) photosensitizers [19]. Modifications of the 
DNA molecule by exited photosensitizers can be direct reactions 
(type [ photosensitized reaction) or be mediated through reactive 
oJ..)'gen species, mainly singlet oJ..)'gen (type II photosensitized 
reaction) [20]. Singlet oxygen generates not pyrimidine dinlers, but 
purine-base modifications. T he most important and mutagenic 
lesion is the 8-hydroJ..)'guanine (7,8-dihydro-8-oxoguanosine), 
which tends to produce G:C to T:A transversions by pairing with 
adenine instead of cytosine during replication [21 ,22]. Other 
oxidative DNA modifications probably are generated in lower 
amounts. T hese indirect reactions are likely to be the mechan.isms 
of the mutagenic, genotoxic, and carcinogenic effects of UV A 
(320-400 11m), as UV A is not capable of exiting and damaging the 
DNA molecule directly [23-26]. Setlow el al [27] suggested that 
UV A might playa pivotal role in the tUI11ol;genesis of malignant 
melanoma. The nature of the endogenous photosensitizer that 
mediates these effects remains to be esta blished. T he generation of 
oxidative DNA damage (8-hydroJ..)'-guanine) by visible light [28] 
or by UVB [29] has been reported recently. T he bio logic relevance 
of oxidative DNA damage is underlined by the identifi cation of 
repair endonudeases specific for such lesions, e.g., the FPG protein 
(formamidopyrimidine-DNA-glycosylase) and endonuclease III 
[30]. 
We have been using transient plasmid vectors to study separately 
the processing of directly and indirectly UV-induced DNA damage 
within DNA-repair-proficient normal cells and within DNA-
repair-deficient XP cells (XP-A, -C, -D, -E, and -variant). Before 
introduction into these host lymphoblast cell s, the plasmids were 
damaged ;11 11;11'0 by irradiation with UVB in an aq ueous solution, 
which can ca use only direct DNA damage (cyclobutane pyrimidine 
dimers and (6-4) photoproducts), or with singlet oJ..),gen, which 
probably is the agent responsible for indirectly UV-induced DNA 
damage. Expression of the plasmid-encoded chloramph enicol-
acetyl-transferase (CAT), which depends on successful repair of the 
DNA damage in that plasmid gene by host-cell enzymes, was 
assayed by CAT activity in cell extracts 3 dafter transfection. The 
better the host cells were able to repair the DNA damage on the 
plasmid , the higher CAT activity that resulted. Although the XP 
cell s exhibited the previously described DNA-repair deficiencies 
with UVB-irradiated plasmid, the degree varying with the compl e-
ment'ltion group, XP cell s of most complementation groups were 
not impaired in their capacity to repair singlet oJ..)'gen-indu ced 
DNA damage. Repair of this kind of DNA damage was lower 
compared with normal cell s onl y in XP-C cells . 
MATER.lALS AND METHODS 
Cells Epstein-Barr virus-transformed lymphoblast cell lilies KM, BD, TR 
(normal cel l liJles), and MOE (XP-C) were estab lished ill our labo ratory 
following the protocol describl!d by Neitzel [31] . The cell lines GM3715, 
GM3657, GM062 1, GM0130, and GM 1805 (normal cell lines); GM2250 
(XP-A); GM2246, GM2248, and GM2249 (XP-C); GM2485 (XP-D); 
GM2450 (XP-E) ; and GM2449 and G M1 646 (XP-variallt) were purchased 
&om the Human Genetic Mutant Cell Repository (C amden. NJ). The cell s 
were grown in RPMI 1640 ml!dium supplemented with 17% fetal bovine 
serum in 5u;" CO2 and used during exponential growth phase. 
Plasltlid Treatltlent O ne of the following two treatments was used to 
damage the plasluid pRSV cat. (1) Plasm ids at a concen trat.ion of30 J-Lg/ ml 
were irradiated with 1 kJ / m2, 5 kj / 1l12, and 10 kJ / 11l2 UVB (Phi llips, 
Hamburg, Germany TL21 lamps, emission maximum at 315 nm , spectrum 
275-365 11m) at O°C. (2) Plasm ids were treated with singlet oxygen, 
generated by methylene blue (10 J-Lg/ml) and light (1 , 5, and 10 min 
illumination with visible light, 1000 W Osram halogen lamp, 47 W 1m 2 
between 400 and 800 nm). The plasmid concentra tion was 625 J-Lg/ ml. T he 
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Figltre 1. Repair of UVB-induced DNA damage in lynlphoblasts 
from nornla] donors. R.c1ative CAT activity (in percent of untreated 
control) in cell extracts of eight normal lymphoblast lines after transfection 
of UVll-irradiated plasmid pRSVcat. T he reactivation of the damaged 
plasmids reflects the capacity of these host cell s to repair UVB-induced 
DNA damage. Values aI'e means of two to three independent samples. Ope" 
sqllores, GM3657; closed (Iinllglcs, GM3715; ope" circles, GM0621; closed 
sq llores, GM0130; closed diolllollds, GM1805; opell fliollgles, KM; pillS sigHS, 
BD; closed circles, TR. 
DNA-damage profile induced by this treatment has been described by 
Muller C( 01 [32] using DNA-repair endonucleases. It comprises mainly FPG 
protein-sensitive sites and onl y very few single-strand breaks , pyrimidine 
dimers, or AI' sites. It is iden tical to the DNA-damage profile produced by 
NDP02' a chemica lly clean source of singlet oxygen. Seven FPG-sensitive 
lesions were generated on the plasnud per minute of illumination. 
Pillsmid Assay The non-replica ting, 5-kbp plasnud pRSV cat [33] con-
tains the cat gene in a configuration that allows expression of the CAT 
protein in human cell s. Five micrograms ofpR.SVcat were used to transfect 
15 X 106 cells using the electroporation procedure (Gene Pulser, BioRAD: 
250 V, 960 J-LFD capacitor, 400 J-LI of serum-free medium, time constaJlt 
between 20 and 30 milliseconds) . T he cell s were then transferred to 25 ml 
of prewarl11ed complete medium and allowed to grow. After 3 d, a cell 
exrract was produced by three freeze-thaw cycles with ethano l in dry icc 
and subsequent rewarming to 37°C. CAT activity in that cell extract was 
determined using the one-via l procedure described by Neumann e( 01 [34] 
and Eastmann [35] . Calibration was done with several concentrations of 
CAT (Boehringer Mannheim) between 0.5 and 0.001 U , and a linear 
rehltion was found. In addition , total protein was detemlined in each extract 
using the Coomassie-blue method (BioRAD, Hercules, CA). Background 
activity was determined for each cell line in an independent sample without 
transfected plasmid and subtracted from all samples. The mean specific 
activity with undamaged plasmid was 0.6 U CAT/mg protein. T he relative 
CAT activ ity was ca lculated ill percent of the control transfected with 
untreated plasmid. 
Student t test was used to tcst for d iiferences. 
RESULTS 
Repair of UVB-Induced DNA Damage Figure 1 shows the 
capacity of eight normal lymphoblast cell lines to repair UVB-
induced DNA damage. The decline of relative CAT activity with 
increasing doses of UVB indicates that even normal cells cannot 
repair all damage completely. For example, Witll 5 kJ/ m 2 , tile mean 
::t: standard deviation (SD) host-cell reactivation rate (reflecting 
DNA-repair performance) was only 77% ::t: 14%. There was also a 
considerable variation between the normal cell lines . The mean 
variation between independent samples of a single cell line (at 5 
l0/m2) was 10% ::t: 12% (mea.n ::t: SD) . 
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Figure 2. Repair of UVB-induced DNA damage in lymphoblasts 
from patients with XP (complementation groups A, D, E, C, and 
variant) . Re lative CAT activity (ill percent of untreated control) in cell 
extracts of the XP lymphoblast lines GM2250 (complementation group A), 
GM2485 (complementation group D), GM24 50 (complementa tion group 
E), MOE and GM2248 (both complcm entation group C), and GM2449 and 
GM 1646 (both XI' variant) after transfection of UVB-irradiated plasmid 
pRSVcat. The reactivation of the damaged plasm ids reflects the capacity of 
these host ce ll s to repair UVB-induced DNA damage. Va lues are means of 
two to four independent samples ( ::':: SD). Lilies IIIit" slllnll dots show the mean 
values of the resu lts with eight normal cell lines (Fig 1); s""ded nrens show 
the minimum and maximum valucs of the norma l range. 
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Figure 2 shows the repair ofUVB-induced DNA damage by XP 
cells of the complementation groups A, D , E, C, and variant. The 
mean, minimum, and ma"imum values of the CAT activity found 
within the normal cells ("normal range") are shown (shaded areas). 
Cells of the complementation groups A, C, and D showed a marked 
reduction of plasmid reactivation (9.3 to 14.7-fold with 5 k]lm 2 , 
p < 0.0001; and 12.4 to 170.7-fold with 10 kJ/m 2 , p :5 0.045) as 
compared to the normal cells. With cells of the complementation 
group E, we found a much less pronounced deficiency (1.9-fold 
with 5 kJ/m 2 , p = 0.01; 3.6-fold with 10 kJ/m2 , not significant). 
Plasmid reactivation by XP-variant cells was also below the normal 
range. Here, a significant difference (p = 0.002) was found only 
with 5 k]lm 2 irradiated plasmid in GM2249. 
Repair of DNA Damage Induced by Methylene Blue Plus 
Light Figure 3 shows the capacity of seven normal lymphoblast 
cell lines to repair DNA damage induced by photosensitization 
(singlet oxygen) . The ability of normal cells to repair tlus kind of 
DNA damage is also limited, as demonstrated by the decline of 
remaining CAT activity with increasing illumination of the photo-
sensitizer methylene blue. For example, with 5 min illumination, 
the mean (±SD) host-cell reactivation rate (reflecting DNA-repair 
performance) was only 15% ::':: 7%. The mean variation between 
independent samples of a single cell line (at 1 min illumination) was 
33% ± 23%. 
Figure 4 shows the repair of singlet oxygen-induced DNA 
damage by XP cells of the complementation groups A, D, E, and 
variant. Whereas cells from these complementation groups were 
not different from normal cells in their ability to repair this kind of 
DNA damage, three of four cell lines from four different patients 
with XP complementation group C (Fig 5) exhibited a markedly 
reduced reactivation of tlus photosensitizer-mediated oxidative 
DNA damage (witlun 5 min illumination, 5.9 to 27.9-fold , p :5 
0.005, 1.3-fold with GM2246, not sigtuficant; with 10 min illumi-
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Figure 3. Repair of singlet oxygen-induced DNA damage ill lym-
phoblast. from 110rmal donors. Relative CAT activity (in percent of 
untreated control) in cell extracts of seven normal lymphoblast lines after 
transfection of the plasmid pRSVcat treated with singlet oxygen. The 
reactivation of the damaged plasmids reflects the capacity of these host ce ll s 
to repair oxidative DNA damage. Singlet oxygen was generated by 
photoexcitation of the photosensiti zer methylene blue by visible light. 
Values are means of two to six independent samples. Opell sqllnres, GM3657; 
closed trinllgles , GM3715; open circles, GM0621; closed sqlwres, GM0130; opell 
trinllgles, KM; pIllS siglls, ED; closed dinllfolllls, TR. 
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Figure 4. Repair of singlet oxygen-induced DNA damage ill lym-
phoblast. from patient. with XP (complementation groups A, D, 
E, and variant). Relative CAT activity (in percent of un treated control) in 
cell extracts of the XP lymphoblast lines GM2250 (complementation group 
A), GM2485 (complementation gro up D), GM2450 (complementation 
group E), and GM2449 and G M 1646 (both XP variant) after transfcction of 
the plasmid pRSVcat treated with singlet oxygen . T he reactivation of the 
damaged plasmids reflects the capacity of thcsc host cells to repa ir oxidative 
DNA damage. Singlet oxygcn was gcneratcd by photoexcitation of the 
photosensiti zer methylenc blue by visible lig ht. Valucs arc means of cwo to 
three i.ndepcnden t samplcs (:!:SD). Lilies with SIII,,/l do ls show the m ean 
va lues of the results w ith seven no rmal cell lines (Fig 3); sh"ded "re"s show 
the 111jni.tl1unl and 1113XinlU111 va lues of the 110l"111:11 range. 
GM2246). Altho ugh not significant, the host-cell reactivation of 
plasmids illuminated for 5 and 10 min was 1.3- and 3.7-fold lower 
in the XP-C cell line GM2246 as compared to the mean host-cell 
reactivation in the normal cell lines. 
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DISCUSSION 
With directly UV-indu ced damage on plasmid DNA by UVB 
(cyclobutane pyrimidine dimers and 6-4 photoproducts), we were 
a ble to demonstrate the DNA-repair defects of the XP complemen-
tation groups A, C, D, and E. Athas et ,,/ [36] and Kraemer e/ n/ 
[37- 39] used similaT plaSITlid host-cell reactivation assays with 
similaT results using UVC. In the case of irradiation of DNA in an 
aqueous solution , as was done in oU!' assay, both UVC and UVB 
Can generate only the type of DNA lesions that aTe formed after 
direct excitation , mainly pyri11'1idine dimers. However, the spec-
trum of such DNA lesions induced by UVC and UVB still may be 
different. Like Ath as et n/, we were able to distinguish not only the 
pTonounced defects of XP-A and -D, but also the minimal devia-
tion from a n0n11al DNA-repair capacity in XP-E, corresponding 
well with the results £i'0111 other DNA- repair assays such as 
"unscheduled DNA synth esis" [40]. 
XP-variant cells showed a slightly reduced DNA-repair capacity. 
To explain our fi ndings, we propose not only a slight nucleotide 
excision-repair defect, but also a defect in the bypassing of ume-
paired DNA damage, as suggested by Misra and Vos [41] and Wang 
et (1/ [42], because a stop at a DNA lesion during cat transcription is 
much more likely to entail reduced CAT expression than complete 
transcription on a damaged template. 
XP cells are hypersensitive not .only to UVR., but also to a 
number of other DN A-damaging agents, such as drugs (psoralenes, 
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Figurc 5. Repair of s inglet oxygen-induced DNA damage in lym-
phoblasts from patients with XP (complementation group C). 
Relative CAT activit)' (in perccnt of untreated contrQl) in cell cxtracts of 
the XP lymphoblas t lines fi'om fQur patients with complcmentation group C 
(MOE, GM2248, GM2246, and GM2249) after transfection of the plasmid 
pRSV Cil t trcated w ith singlct oxygen. The rcactiviltion of thc damagcd 
plasmids reflects the capacity of thcse host cell s to rcpair oxidative DNA 
damage. Singlct Q),:ygcn was generated b)' photoexcitation of the photosen-
sitizer methylene bluc by visible light. Val ucs arc means of two to six 
independent samples ( :!: SD). Lilies IlIitil SIII,, /l dols show thc mean va lues of 
the rcsults with seven normal cell lines (Fig 3); sh"ded "rcas shQW the 
111lninlUI11 and t11:lxinlUl11 values of the l10rntal range. 
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(platinum, 1,3-bis-2 ,3- chloroe thyl-1-nitrosourea), and chemical 
carcinogens (benzo(a)pyrene derivates, aflatoxin) [40], th e repair of 
which involves nucleotide-excision repair. 
In addition to directly UV-induced DNA damage, we studied the 
repair of indirectly UV -induced DNA damage within human cells, 
using single t oxygen. In other shuttle-vector-plasmid assays, singlet 
o],:ygen already has proved mutagenic in mammali an cell s and to be 
selectively targeting guanine residues [43,44]. 
As opposed to the results with directly UV- induced DNA 
damage, we found that most of the Xl' complementation groups 
studied (XP-A, -D, -E, and -variant) were not different from 
normal cells in their ability to repair singlet oA],gen-induced DNA 
damage. Only three of four XP-C cell lines tested demonstrated a 
m arkedly lower than normal repair of such lesions . In th e fourth 
XP-C cell line, reduced repair was not significantly different from tile 
nonnal cells. These differences may indicate the existence of repair 
subgroups in XP-C, as suggested by Evans e/ at [11] and supported by 
the findings of Legerski and Peterson [45]. 
Normal cell s exhibited a relative ly steep decline of CAT activity 
fro m 100% to 35% w ith plasmids illuminated for only 1 min. After 
illumination for 5 and 10 min , th e further decline to 15% and 6% 
was less pronounced. This is probably why th e differences between 
the normal and the X P-C cells were most pronounced for plasnuds 
illuminated longer than 1 min . Belo w 1% of re lati ve CAT activ ity, 
the CAT assay is not sensitive enough to provide reliable data. T his 
m ay explain why the differen ce between the normal and the XP-C 
cells seem ed to be less at 10 min illumination than at 5 min . 
Single t oA],gen acc~unts for at leas t part of the indirect DNA 
damage by UVIl, especially UV A. T he above described differential 
repair of directly and indirectly UV-indu ced DNA damage indi-
cates that there are different repair pathways for th ese lesions within 
human cells. N ot on ly do UV A and UVB generate different DNA 
lesions, but these lesions also are processed differently within 
human cells. This is another factor that shou ld be considered when 
assessillg the biologic dangers of exposure to different wavelengths 
of UVR. In bacteria, oxidative base modifi cations can be removed 
by pathways of nucleotide-excision repair (uvrABC) and base-
excision repair (FpG protein, endonuclease nr) (30]. Redu ced 
survi val of plasmid DNA modified by methylen e blue plus light was 
observed only in double mutant~ defective in both pathways [46]. 
Our results support the assumption that similar repair pathways are 
effective in human cells and th at in most Xl' complem entation 
groups, the defective repair of ox idative DNA damage by nucle-
otide-excision repair can be compensated fully by base-excis ion 
repair. In th e Xl' complem entation group C, however, both 
pathways seem to be affected. 
N ocentini [47] also used host-cell reactivation assays with sing let 
oA],gen-induced DNA damage, w hich he generated by hematopor-
phyri.n plus UV A. In accordance with our results, he found that an 
Xp-A cell line did not show redu ced repair of this kind of DNA 
dam age. H e did not report about host-cell reactivation assays with 
other XP complementation gro ups. 
Satoh e/ at [48] stud ied the processin g of oxygen fre e-radi cal-
induced DNA damage , other than pyrimidine hydrates or FPG-
sensitive si tes, in X P-A, -B, -C, -D, and -G cell extra cts with a 
plasmid-reactivation assay. They found that an und ete rmin e d 
DNA lesion could not be repaired by th ese ce ll s and spec ulated 
that a gradual accumulation of this lesion in particul ar, as a 
consequen ce of endogenous oxidative metaboli sm, might be 
responsible for the progressive neural deterioration in some :;Xl' 
patients. Patients with n eurologic abnormalities are usua.!)y 
found in complem entation groups A and D , with on ly a few 
reported cases in g roups C and variant [4]. Therefore, from our 
results showin g redu ced repair of 8-hydroxyguanin e only in 
XP-C, we have no indication that accumu lated, unrepaire d 
8-hydroxyguanin e could be responsible for the progressive 
neurologic degeneration in XP. . 
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